Bendor D, Wang X. Neural coding of periodicity in marmoset auditory cortex. J Neurophysiol 103: 1809 -1822, 2010. First published February 10, 2010 doi:10.1152/jn.00281.2009. Pitch, our perception of how high or low a sound is on a musical scale, crucially depends on a sound's periodicity. If an acoustic signal is temporally jittered so that it becomes aperiodic, the pitch will no longer be perceivable even though other acoustical features that normally covary with pitch are unchanged. Previous electrophysiological studies investigating pitch have typically used only periodic acoustic stimuli, and as such these studies cannot distinguish between a neural representation of pitch and an acoustical feature that only correlates with pitch. In this report, we examine in the auditory cortex of awake marmoset monkeys (Callithrix jacchus) the neural coding of a periodicity's repetition rate, an acoustic feature that covaries with pitch. We first examine if individual neurons show similar repetition rate tuning for different periodic acoustic signals. We next measure how sensitive these neural representations are to the temporal regularity of the acoustic signal. We find that neurons throughout auditory cortex covary their firing rate with the repetition rate of an acoustic signal. However, similar repetition rate tuning across acoustic stimuli and sensitivity to temporal regularity were generally only observed in a small group of neurons found near the anterolateral border of primary auditory cortex, the location of a previously identified putative pitch processing center. These results suggest that although the encoding of repetition rate is a general component of auditory cortical processing, the neural correlate of periodicity is confined to a special class of pitch-selective neurons within the putative pitch processing center of auditory cortex.
firing rate with the modulation frequency or envelope repetition rate of the stimulus as "modulation sensitive." Single-unit recordings in the primary auditory cortex (AI) of marmosets have identified two types of modulation sensitive responses involved with encoding the repetition rate of an acoustic pulse train (Lu et al. 2001; Wang et al. 2003) . The first neuronal population encodes repetition rates within the perceptual range of acoustic flutter (subpitch sounds with pulse rates of 10 -45 Hz) (Besser 1967; Miller and Taylor 1948) using both stimulus synchronization (Lu et al. 2001 ) and a discharge rate based neural representation (Bendor and Wang 2007) . A second neuronal population referred to in previous studies as the "nonsynchronizing population" (Lu and Wang 2004; Lu et al. 2001 ) encodes faster repetition rates that are within the perceptual range of pitch (Krumbholz et al. 2000; Plack et al. 2005) . The term nonsynchronizing is used to indicate that this population does not synchronize its neuronal firing to the acoustic signal's envelope and as such encodes repetition rate by only using its discharge rate.
For temporally regular sounds, like unipolar click trains and sine phase harmonic complex tones, the repetition rate generally matches the perceived pitch (Plack et al. 2005) . If temporal regularity is degraded, the pitch-salience decreases eventually making the pitch undetectable even though the average repetition rate has not been changed. A putative pitch-processing center in the low frequency region of auditory cortex has recently been identified in both humans and monkeys Wang 2005, 2006; Patterson et al. 2002; Penagos et al. 2004; Schneider et al. 2005; Schönwiesner and Zatorre 2008) . The firing rates of pitch-selective neurons in this cortical region increase with pitch strength and are tuned to fundamental frequency. Pitch-selective neurons respond to both pure tones at their best fundamental frequency and missing fundamental sounds (composed of higher order harmonics) that have the same pitch but lack spectral energy at their fundamental frequency. As such, these neurons provide a neural correlate of certain acoustical features that covary with pitch perception (Bendor and Wang 2005) . Behavioral evidence that these neurons are necessary for pitch perception still remains to be demonstrated.
If neurons throughout auditory cortex can encode the repetition rate of complex sounds using their discharge rate, then what is the difference between pitch-selective neurons and modulation sensitive neurons? Modulation sensitive neurons encode repetition rates for acoustic signals with carrier frequencies near their best frequency, whereas pitch-selective neurons are capable of responding to complex tones the spectrum of which does not overlap with their best frequency when such a tone is modulated at the neuron's preferred repetition rate. (Bendor and Wang 2005 ). Here we compare the repetition rate tuning of neurons for acoustic stimuli that differ in spectral bandwidth and envelope shape and rise time. We find that pitch-selective neurons have a more consistent best repetition rate across different acoustic stimuli than modulation sensitive neurons outside of the putative pitch center, indicating that some modulation sensitive neurons are tuned to additional acoustic features (e.g., envelope rise time).
Another potential difference between modulation sensitive and pitch-selective neurons is their sensitivity to changes in temporal regularity, an acoustic feature that covaries with pitch salience Pollack 1968) . Human imaging studies have reported a neural correlate of pitch salience in lateral Heschl's gyrus, the anatomical location of a putative pitch center in human auditory cortex . In contrast to pitch-selective neurons, neurons that encode repetition rate but not pitch salience may be only encoding the average repetition rate and lack sensitivity to temporal regularity. We tested this hypothesis using acoustic pulse trains, a sequence of brief sounds that can be temporally jittered parametrically between a periodic temporal structure ("regular") and a highly random temporal structure ("irregular"). A regular pulse train generates a salient pitch percept, and the pitch salience degrades with increasing temporal irregularity even though the average repetition rate remains unchanged (Kaernbach and Demany 1998; Yost et al. 2005 ). Here we show that pitch-selective neurons are sensitive to temporal regularity and that the firing rates of modulation sensitive neurons outside the putative pitch center generally do not change between regular and irregular acoustic pulse trains with the same average repetition rate.
M E T H O D S

General experimental procedures
Details of experimental procedures can be found in recent publications from our laboratory . Single-unit recordings were conducted in four awake marmosets [M36N (right hemisphere), M2P (left and right hemisphere), M41O (left hemisphere), and M32Q (left hemisphere)]. For each experiment, the marmoset was sitting quietly in a semi-restraint device with its head immobilized. Experiments were carried out within a double-walled soundproof chamber (Industrial Acoustics, Bronx, NY) with an interior covered by 3-in acoustic absorption foam (Sonex, Illbruck. High-impedance tungsten microelectrodes (AM Systems, 2-5 M⍀) were mounted on a micromanipulator (Narishige) and advanced by a manual hydraulic microdrive (Trent Wells). Typically 5-15 electrode penetrations were made within a miniature recording hole (diameter: ϳ1 mm), after which the hole was sealed with dental cement, and another hole was opened for new electrode penetrations. Action potentials were detected on-line using a template based spike sorter (MSD, Alpha Omega Engineering), which was continuously monitored during the experiment. Neurons were recorded from all cortical layers but most commonly from supragranular layers. All experimental procedures were approved by the Johns Hopkins University Animal Use and Care Committee.
Generation of acoustic stimuli
Digitally generated acoustic stimuli were played from a free-field speaker located 1 m in front of the animal. All sound stimuli were generated at a 100 kHz sampling rate and low-pass filtered at 50 kHz. Harmonic artifacts were Ն43 dB lower than the fundamental at 80 dB SPL. This difference grew as the sound level of the fundamental decreased. The maximum sound level of individual frequency components used in this study was 80 dB SPL. The animal was awake and semi-restrained in a custom-made primate chair but was not performing a task during these experiments.
After each neuron was isolated, we measured its basic response properties, such as best frequency (BF) and sound level threshold. Neurons that were responsive to pure tones were tested with sAM tones, harmonic complex tones, and/or acoustic pulse trains (see Fig. 1 ). Complex tone, sAM tone, and acoustic pulse train stimuli were 500 ms in duration. All intertrial intervals for these stimuli were Ն1 s long. Modulation frequency tuning functions for sAM stimuli spanned 4 -512 Hz in octave or half-octave steps.
ACOUSTIC PULSE TRAINS. Each pulse was generated by windowing the preferred carrier signal (pure tones) by a Gaussian envelope. In a limited number of cases, we used other types of acoustic pulse trains, including rectangular clicks and Gaussian windowed acoustic pulses with a broadband noise carrier. Pulse widths ranged from 0.1 to 1 ms for rectangular clicks and Gaussian pulses had a ranging from 0.89 to 2.53 ms. Pulse train repetition rates between 13 and 500 Hz were and spectrum (right) of a Gaussian narrowband acoustic pulse train (top), a missing fundamental harmonic complex tone (middle), and a sinusoidally amplitude modulated (sAM) tone (bottom). The acoustic pulse train has a 3 kHz carrier, 100 Hz repetition rate, and ϭ 0.89. Inset: an enlarged view of a single Gaussian pulse. The missing fundamental harmonic complex tone is composed of harmonics 28 -32 and has a 100 Hz fundamental frequency (repetition rate). The sAM tone has a modulation frequency of 100 Hz and a 3 kHz carrier. used. The sound intensity level of each acoustic pulse train was generally at the preferred sound level for modulation sensitive neurons with nonmonotonic rate-level functions and 10 -30 dB above threshold for modulation sensitive neurons with monotonic rate-level functions. For pitch-selective neurons, sound levels for acoustic pulse trains were at or near the threshold for a tone at the neuron's BF. Regular acoustic pulse trains had repetition rates near the preferred fundamental frequency for pitch-selective and nonmonotonic modulation sensitive neurons while for positive monotonic modulation sensitive neurons a repetition rate between 200 and 500 Hz was chosen. For modulation sensitive neurons, the carrier frequency was equal to the BF, while the carrier frequency for pitch-selective neurons was an integer multiple of the acoustic pulse train's repetition rate, somewhere within the range of 1-4 kHz. Temporally regular acoustic pulse trains had interpulse intervals equal to the inverse of the repetition rate. Irregular acoustic pulse trains were created by randomly jittering each interpulse interval (IPI) by a random number generated from a uniform distribution between [J a, J b ], where J a ϭ IPI Ϫ IPI*(maximum jitter) and J b ϭ IPI ϩ IPI*(maximum jitter). The maximum jitter was varied between 5 and 50% in 5% steps. Thus for a mean interpulse interval of 10 ms and a maximum jitter of 10%, each interpulse interval would be chosen from a uniform distribution spanning values between 9 and 11 ms. For a given jitter amount, the temporal pattern of aperiodic acoustic pulses was the same across all trials.
HARMONIC COMPLEX TONES. The most commonly used harmonic complex tone had three components in cosine phase, and each component was played at the neuron's sound level threshold measured at its BF. Sound levels 10 dB or more below BF threshold were also used in roughly one-third of pitch-selective neurons (25/74) to evoke significant missing fundamental responses. In a few cases we used harmonic complex tones composed of more than three components with harmonics most commonly in Schroeder phase (Schroeder and Strube 1986) . Neurons failed the criteria of pitch selectivity if they did not respond to missing fundamental sounds with the individual harmonics presented at 10 dB above the neuron's sound level threshold at its BF (or lower sound levels). Components of the missing fundamental harmonic complex tone (MF) were considered outside the neuron's excitatory frequency response area if each harmonic component, when played individually at 0 and ϩ10 dB relative to its sound level within the harmonic complex, did not evoke a significant excitatory response. Also for neurons tested with harmonic complex tones composed of greater than three components, no response to individual components ϩ20 dB above threshold was also required. Sound levels were varied in 10 dB steps.
Typically 10 repetitions of each acoustic pulse train, complex tone, and rate level stimulus set were presented; however, data with a minimum of five repetitions per stimulus were included in the analysis. Frequency tuning curves and rate-level functions were typically generated using 200 ms long pure tone stimuli and interstimulus intervals Ͼ500 ms.
Data analysis
Discharge rates Ͼ2 SD above the mean spontaneous rate and Ͼ1 spike for 50% of the trials were considered significant. Vector strengths Ͼ0.1 with a Rayleigh statistic Ͼ13.8 (P Ͻ 0.001) were considered statistically significant (Mardia and Jupp 2000) . The weighted best repetition rate, was the spike rate weighted average of all repetition rates (in octaves) near the best repetition rate (peak firing rate) that had firing rates Ͼ50% of the peak firing rate.
CRITERIA FOR PITCH-SELECTIVE NEURONS. Pitch selectivity was defined as a neuron that responded to pure tones, responded to missing fundamental sounds with a fundamental frequency near its BF and did not respond significantly to components of the missing fundamental sound when they were played individually and the sound level of the missing fundamental sound (measured relative to the individual components) did not need to be Ͼ10 dB above the neuron's BF sound level threshold to drive the neuron (Bendor and Wang 2005) . Missing fundamental sounds are complex tones containing only harmonics above the fundamental frequency and have the same pitch as a pure tone played at the fundamental frequency. Sound levels were limited to Ͻ10 dB above the neuron's BF sound level threshold to avoid combination tones (nonlinear distortion products produced by the cochlea when multiple harmonics are simultaneously played). The combination tone present at the fundamental frequency is ϳ20 dB below the sound level of a single harmonic component (Pressnitzer and Patterson 2001) .
Firing rates were calculated using the entire stimulus duration. It is important to note that sensitivity to temporal regularity was not used as part of the criteria for pitch selectivity. Pitch-selective neurons were found in each of the four marmosets used in these experiments. A previous publication (Bendor and Wang 2005) presented data from pitch-selective neurons recorded from three of the four marmosets (M36N, M2P, M41O) used in these experiments.
CRITERIA FOR MODULATION SENSITIVE NEURONS. Neurons that had significant firing rates for at least a subset of repetition rates within the range of pitch but responded to pure tones at higher frequencies were considered modulation sensitive neurons. A subset of repetition rates was defined as at least three sequential repetition rates tested between 30 and 500 Hz, spanning at least one-half octave. Discharge rates were calculated over the duration of the acoustic stimulus plus 100 ms following the stimulus. In addition, modulation sensitive neurons were also required to have significant firing rates for a subset of repetition rates when both the onset (1st 100 ms) and offset (100 ms following the end of the stimulus) were not included in the calculation of discharge rate. Without removing the onset and offset, we cannot distinguish between sustained responses (observed in nonsynchronizing neurons) and onset responses (observed in synchronizing neurons). Synchronizing neurons typically produce an onset response (followed by suppression) when the repetition rate is above their synchronization limit. In addition because some neurons had very low spontaneous firing rates, significant responses were also required to have one or more spikes on Ն50% of trials.
Our analysis only focused on neurons with significant firing rates during the acoustic stimulus. Neurons with purely onset responses (and nonsignificant sustained responses) to repetition rates in the range of pitch were not included in the analysis (n ϭ 66). We did not find any evidence of jitter sensitivity in this population of neurons given that normalized firing rates between regular and irregular acoustic pulse trains were not significantly different (Wilcoxon rank sum test, P Ͼ 0.05 uncorrected, n ϭ 10). We also did not find any evidence of similarity in repetition rate tuning between sAM tones and acoustic pulse trains (Spearman correlation coefficient r ϭ 0.16, P ϭ 0.46, n ϭ 24).
The population of modulation sensitive neurons was further subdivided into nonsynchronized and mixed response neurons according to each neuron's ability to synchronize its firing to acoustic pulses in the stimulus (Rayleigh statistic Ͼ13.8, P Ͻ 0.001). Mixed response neurons synchronized within the range of acoustic flutter (subpitch sounds with repetition rates below 40 -45 Hz) while nonsynchronized neurons did not. It is important to note that nonsynchronized neurons differ from unsynchronized neurons (Bendor and Wang 2007) in that unsynchronized neurons have significant firing rates in the range of acoustic flutter while nonsynchronized neurons have significant firing rates in the range of pitch (Ͼ30 Hz).
In addition to a classification based on synchronization, modulation sensitive neurons were also classified according how they co-varied their firing rate with the repetition rate of pulses within the acoustic pulse train. Positive monotonic neurons had higher discharge rates for acoustic pulse trains with higher repetition rates over the range of 30 -512 Hz. A nonparametric rank order correlation between dis-charge rate and repetition rate (Spearman correlation coefficient, r Ͼ 0, P Ͻ 0.05) was used to determine statistically significant positivesloped monotonicity. Because positive monotonic responses were the most commonly observed, all remaining tuning curve shapes were classified collectively as "other" in our analyses. This group contained both negative monotonic and multiple types of nonmonotonic tuning curves (see Table 1 ).
Five modulation sensitive neurons (2 mixed response, 3 nonsynchronizing) showed either a large or insignificant change in discharge rate between regular and irregular pulse trains depending on either the carrier frequency or repetition rate used. These five neurons were excluded from the analysis in Fig. 14 and 15 .
A normalized map of the location of pitch-selective neurons and modulation sensitive neurons was created using data from four hemispheres. We did not adequately sample the fifth hemisphere (M2P right hemisphere) that we recorded from to define the borders of each auditory field. Frequency reversals were used to define the borders of the three core fields: primary auditory cortex (AI), rostral field (R), and rostrotemporal field (RT) Kaas and Hackett 2000; Morel and Kass 1992; Petkov et al. 2006) . Differences in the spatial distribution of pitch-selective neurons and modulation sensitive neurons were quantified using a Kolmogorov-Smirnov test (P Ͻ 0.05). We compared both the caudal-to-rostral or medial-tolateral axis of auditory cortex in this analysis.
Statistical significant differences in population responses (normalized discharge rate and average vector strength) between two repetition rates was determined using a Wilcoxon rank sum test (P Ͻ 0.05, Bonferroni corrected for multiple comparisons).
The change in discharge rate between regular and irregular acoustic pulse trains (Fig. 14D) , was calculated by performing a linear interpolation on the firing rates at all tested jitter values (0 -50%). The slope obtained from this calculation was used to determine the change in firing rate between acoustic pulse trains with 0 and 50% maximum temporal jitter.
R E S U L T S
The data presented in this report include a total of 254 neurons recorded from the auditory cortex of four marmosets (5 hemispheres) that responded significantly to moderately complex acoustic stimuli such as sAM tones, acoustic pulse trains, or harmonic complex tones (Fig. 1) .
In auditory cortex, the spectrum of an acoustic signal must typically overlap with a neuron's frequency response area to evoke a response. For such neurons, we centered the spectra of these acoustic stimuli at the neuron's BF. Given that a modulation frequency is lower than its carrier frequency, these neurons were generally tuned to modulation frequencies that were outside of their frequency response area. We use the term "modulation sensitive neurons" in this report to refer to this population of neurons.
Responses of modulation sensitive neurons
The example modulation sensitive neuron shown in Fig. 2 is tuned to repetition rates within the range of pitch (for an acoustic pulse train) with a peak response at a repetition rate of 200 Hz (A and B). This neuron does not synchronize to the acoustic pulse train (Fig. 2C) and therefore only provides a neural representation of the repetition rate with its discharge rate. This neuron has a BF of 10.2 kHz ( Fig. 2A, inset) , which is substantially higher than its response range of repetition rates [unit M2P-921 .1, primary auditory cortex/rostral field (AI/R) border] to acoustic pulse trains ( ϭ 0.89). Inset: the response of the neuron to pure tones varying in frequency. Error bars indicate the SE. B: raster plot of the neuron shown in A responding to acoustic pulse trains at different repetition rates (13-500 Hz). The horizontal line underneath the raster plot indicates the time period that the acoustic stimulus was played. C: Rayleigh statistic for neuronal response shown in A. None of these responses reached the criteria for statistical significance (13.8, P Ͻ 0.001) which is indicated on the plot with a dashed horizontal line. (in frequency). Across the population of modulation sensitive neurons, tuning for modulation frequency (frequency of periodicity in sAM tones) and repetition rate (frequency of periodicity in acoustic pulse trains) spanned the entire range of modulation frequencies producing a missing fundamental pitch (Յ800 Hz; Fig. 3 ) (Ritsma 1962) . Repetition rate tuning in modulation sensitive neurons took a variety of forms, the most common being a positive monotonic trend (n ϭ 73) for which the firing rate increased monotonically with repetition rate (Fig. 4, A and B) . We also classified 16 neurons as having negative monotonic responses where discharge rate increased with a decreasing repetition rate. The remaining 26 neurons failing the criteria for monotonicity (see METHODS) had all-pass, band-pass, or notch/multipeak tuning.
The majority of modulation sensitive neurons were not able to stimulus synchronize to the individual pulses of acoustic pulse trains in our stimulus set (Fig. 4C) . In this report, we will refer to neurons that were unable stimulus synchronize as "nonsynchronized," whereas neurons showing some degree of stimulus synchronization (while also covarying their firing rate with repetition rate) will be referred to as having a "mixed B A Fig. 3A) . Population responses at repetition rates between 40 and 200 Hz and at 400 Hz were significantly different (Wilcoxon rank sum, P Ͻ 0.05 Bonferonni corrected) from the population discharge rates at both 500 and 13 Hz. C: distribution of the synchronization limit in modulation sensitive neurons. D: mean vector strength of modulation sensitive neurons with nonsynchronized and mixed responses. Only the mixed response population had an average vector strength significantly different from zero, and only for repetition rates equal to and Ͻ133 Hz (Wilcoxon rank sum test, P Ͻ 0.05 Bonferonni corrected).
response" (Fig. 4D) . The median synchronization limit of mixed response neurons was 100 Hz (25-75%: 48 -156 Hz). Using a criterion of stimulus synchronization (see METHODS), 78 nonsynchronized neurons and 37 mixed response neurons were identified (Table 1) . For both nonsynchronized and mixed response neurons all types of repetition rate tuning was observed (see Table 1 ). The most common observed response occurring in roughly half of samples (56/115) was both positive monotonic and nonsynchronized.
Pitch-selective responses
We have previously identified an additional class of neurons that have best repetition rates that are similar to their BFs (based on pure tones) (Bendor and Wang 2005) . We refer to these neurons as "pitch selective" because they respond to missing fundamental sounds with a pitch near their BF and with a spectrum outside of their excitatory frequency response area (Fig. 5, see METHODS) .
Using these criteria, a total of 74 pitch-selective neurons were identified in four marmosets. A subset of these pitchselective neurons (53/74) have been reported in an earlier publication (Bendor and Wang 2005 ) (see METHODS) . Missing fundamental responses were measured near the sound level threshold of the neuron's BF to avoid the effect of combination tones. Combination tones are nonlinear distortion products produced by the cochlea when multiple harmonic tones are present. The combination tone produced at the fundamental frequency is ϳ20 dB below the sound level of a single component (Pressnitzer and Patterson 2001) . Therefore at sufficiently high sound levels, missing fundamental responses could be the result of combination tones produced at the neuron's BF. Neurons within the putative pitch center that did not respond to near threshold missing fundamental sounds could still respond to missing fundamental sounds when sound levels were 20 dB or more above threshold (Fig. 6) . However, unlike pitch-selective neurons, these missing fundamental responses could be blocked with the addition of a noise masker (Fig. 6) .
Comparison pitch-selective and modulation sensitive neurons
Given that repetition rate tuning is observed in both modulation sensitive and pitch-selective neurons, how do these two neuronal populations differ? As we have already discussed, modulation sensitive neurons have different best frequencies and best repetition rates and respond to complex sounds with spectra overlapping their BF (Fig. 7) . On the other hand, pitch-selective neurons have similar repetition rate and pure tone tuning and respond to complex sounds with spectra that do not overlap with their BF (Fig. 7) .
Although pitch-selective neurons generally have low frequency BFs (Bendor and Wang 2005) , we observed that the range of BFs in modulation sensitive neurons stretched across almost the entire tonotopic axis (Fig. 8 , Wilcoxon rank sum test, P Ͻ 7.4 ϫ 10 -29
). The lack of modulation sensitive neurons with very low BFs is due to our criteria that the neuron's BF needed to be higher than the repetition rates that the neuron encoded. Neurons that do not pass the criteria of pitch selectivity also exist within the putative pitch center (Bendor and Wang 2005) ; however, these are low BF neurons that do not encode the repetition rate of complex sounds with spectra at higher frequencies (outside of their excitatory frequency response area).
Spatial distribution of pitch-selective and modulation sensitive neurons
We next examined the spatial distribution of pitch-selective neurons and modulation sensitive neurons. An example of a cortical map from one subject with the locations of these two classes of neurons is shown in Fig. 9A . We compared the spatial A: frequency tuning curve for tones played at 50 dB SPL. Inset: a rate-level response at best frequency. B: response to harmonics of the best fundamental frequency (182 Hz) played individually at 0, ϩ10, and ϩ20 dB above the sound level threshold at the best frequency. C: response to harmonic complex tones (each harmonic is played at 50 dB SPL). All acoustic stimuli are missing the fundamental frequency except for the acoustic stimulus composed of harmonics 1-3. distributions of pitch-selective neurons with modulation sensitive neurons across four subjects on a normalized cortical map (Fig.  9B) . Pitch-selective neurons were found on the border of AI, R, and lateral belt, whereas modulation sensitive neurons were distributed throughout auditory cortex. The spatial distributions were significantly different along the medial-to-lateral axis (KolmogorovSmirnov test, P Ͻ 7.4 ϫ 10 -9 ) and caudal-to-rostral axis of auditory cortex (Kolmogorov-Smirnov test, P Ͻ 1.1 ϫ 10 -9 ).
Similarity in repetition rate tuning for different acoustic signals
We next compared the similarity in repetition rate tuning across different acoustic signals for these two neuronal populations. A total of 110 modulation sensitive neurons were tested with both sAM tones and acoustic pulse trains, which differ in both their spectral bandwidth and envelope shape. The tuning for repetition rate was similar for sAM tones and acoustic pulse trains for some neurons (Fig. 10A) , whereas other neurons showed very different responses for the two types of acoustic signals (B). Nine pitch-selective neurons were tested with missing fundamental (MF) complex tones and either sAM tones or acoustic pulse trains. We observed similar tuning for repetition rate between the two acoustic signals tested (Fig. 10, C and D) .
Overall, modulation sensitive neurons did not have a significant correlation (Spearman correlation coefficient, r ϭ Ϫ0.0091, P ϭ 0.93) between their weighted best repetition rate for acoustic pulse trains and their weighted best modulation frequency for sAM tones (Fig. 11A) . Only 38 of 110 modulation sensitive neurons (35%) had best repetition rates within one octave of each other for the two acoustic stimuli.
We next compared the monotonicity index (see METHODS) of modulation sensitive neurons for sAM tones and acoustic pulse (unit M41O-294 .1) to pure tones and missing fundamental sounds (with and without a noise masker). The neuron has a similar threshold for both pure tones and missing fundamental sounds. At higher sound levels, the response to the missing fundamental is greater than the pure tone response. With the addition of the noise masker, the missing fundamental response does not change. The noise masker itself did not evoke a significant response in the neuron. B: a nonpitch neuron's rate-level response (unit M41O-251.2) to pure tones and missing fundamental sounds (with and without a noise masker). The response to missing fundamental sounds had a 20 dB higher sound level threshold. On the addition of the noise masker, the neuron no longer responded to the missing fundamental sound. This neuron was recorded from within the pitch center. trains. Similarity in this index for two tuning curves indicates a similar trend (firing rate increases or decreases with repetition rate) even when peak values differ. We observed a significant correlation between the monotonicity indices of neurons for these two acoustic stimuli (Spearman correlation coefficient, r ϭ 0.54, P Ͻ 1.5 ϫ 10
Ϫ9
). Even though repetition rate tuning can have a similar trend across different acoustic stimuli, a best repetition rate generally appears to be stimulus specific. Spectral bandwidth and envelope shape changes with modulation frequency for sAM stimuli (but is constant for acoustic pulse trains). Thus modulation sensitive neurons that do not have consistent best repetition rates across different acoustic stimuli may be also sensitive to acoustic parameters such as spectral bandwidth and envelope shape.
In our population of pitch-selective neurons, we observed that the best fundamental frequency was generally similar to the best repetition rate (from an acoustic pulse train or sAM tone). We did not observe a significant correlation (Spearman correlation coefficient, r ϭ 0.065, P ϭ 0.067), but this may be a result of the small sample size and a single outlier (Fig. 11B) . Pitch-selective neurons had a significantly smaller difference in their best repetition rates for different acoustic signals than modulation sensitive neurons (Wilcoxon rank sum test, P Ͻ 2 ϫ 10 Ϫ4 , Fig. 11C ). Pitch-selective neurons were found along the low-frequency border of fields AI and R, while modulation sensitive neurons were distributed all over fields AI, R, and RT. Modulation sensitive neurons with large and small differences in best repetition rate between acoustic stimuli were found in all three cortical fields (Fig. 12) .
Sensitivity to temporal regularity
We next tested pitch-selective and modulation sensitive neurons with regular and irregular acoustic pulse trains. Irregular pulse trains had the same average repetition rates of regular pulse trains but were aperiodic. The temporal jitter of the interpulse interval was parametrically varied between 5 and 50% in irregular pulse trains (Fig. 13, see METHODS) . The majority of pitch-selective neurons (11/16) decreased their firing rate more than 30% between regular and irregular (50% temporal jitter) acoustic pulse trains showing a preference for periodic acoustic signals (Fig. 14, A and C) . In contrast to this, ϳ80% of modulation sensitive neurons (29/36) did not change their firing rates more than 30% between regular and irregular acoustic pulse trains (Fig. 14, B and C) .
We further quantified temporal regularity tuning by measuring the change in firing rate between regular acoustic pulse trains and irregular pulse trains with 50% jitter (maximum tested, see METHODS). Pitch-selective neurons had a negative mean change in firing rate between regular and maximally irregular pulse trains (-48.2 Ϯ 38.0% change in firing rate, mean Ϯ SD). This was not observed for modulation sensitive neurons (1.5 Ϯ 23.3% change in firing rate). The difference in sensitivity to temporal irregularity between the two populations was statistically significant (Fig. 14D , Wilcoxon rank sum test, P Ͻ 3.6 ϫ 10
Ϫ5
). There was also no difference in insensitivity to temporal irregularity for different types of modulation sensitive neurons. When modulation sensitive neurons were subdivided into smaller populations, based on their location in auditory cortex, stimulus synchronization, or tuning curve shape, no significant differences were observed in the mean change of firing rates for regular and irregular acoustic signals (Wilcoxon rank sum test, P Ͼ 0.05 uncorrected, Table 2 ). The jitter sensitivity of a modulation sensitive neuron did not depend on its location along the rostral-caudal axis of auditory cortex (Fig. 15) .
D I S C U S S I O N
The temporal fidelity of the auditory nerve is remarkably precise with an ability to phase lock to the fine structure of an acoustic signal at rates Յ3-5 kHz (Johnson 1980) . At each successive level in the pathway from the auditory nerve to auditory cortex, this temporal precession progressively decreases (Joris et al. 2004; Wallace et al. 2002) . As a result, auditory cortex cannot encode an acoustic parameter such as envelope repetition rate over the entire range of rates required for pitch perception using an explicit temporal representation. To prevent the loss of information from a degraded temporal representation, temporal parameters such as repetition rate and temporal regularity must be re-encoded using the discharge rates of neurons. Using their discharge rate, pitch-selective neurons found within the putative pitch center of auditory cortex encode temporal regularity and repetition rate over the perceptual range of pitch (Figs. 11B and 14, C and D) . In contrast, modulation sensitive neurons found throughout auditory cortex encode the average repetition rate of complex sounds but are generally insensitive to changes in temporal regularity (Fig. 14, C and D) .
When a neuron is tuned to the repetition rate or fundamental frequency of a complex sound, can we consider this a sufficient criterion for a neural representation of pitch (Bizley et al. 2009; Kalluri et al. 2008) ? In human subjects, pitch discrimination worsens when an acoustic stimulus is temporally jittered (Pollack 1968) . Therefore if a neuronal population is insensitive to temporal regularity, it would provide a similar neural threshold for pitch discrimination of periodic and aperiodic acoustic stimuli; this does not correlate with the decrease in the perceptual threshold observed. Thus it is crucial to demonstrate that "pitch-selective" neurons are sensitive to temporal regularity.
The responses of pitch-selective neurons are correlated with several acoustic features that co-vary with pitch, namely repetition rate, fundamental frequency, and temporal regularity. However, because pitch is a percept rather than a physical sound property, it is important to measure how a subject's perception of pitch correlates with a neural response. To fully demonstrate the necessity of pitch-selective neurons for the encoding of pitch perception, a behavioral assay inactivating pitch-selective neurons would be required. C. similar repetition rate tuning for a missing fundamental complex tone and an sAM tone for a pitch-selective neuron (unit M2P-233.1) . D: similar repetition rate tuning for a missing fundamental complex tone and an sAM tone for a pitchselective neuron (unit M41O-248.2 ).
Implications for pitch-processing models
Given the complex nature of pitch perception, and the wide variety of acoustic stimuli that can generate a pitch percept, it is possible that regions of auditory cortex outside of the putative pitch center are required for pitch extraction. However, because firing rates were dependent on temporal regularity only in pitch-selective neurons and modulation sensitive neurons were not able to stimulus synchronize at high enough rates to encode the entire range of pitch perception, we must conclude that pitch-selective neurons do not rely on cortical inputs (outside of the pitch center) for their sensitivity to temporal regularity. The temporal-to-rate coding transformation representing temporal regularity likely happens in either the inferior colliculus or thalamus, which then serves as one of the primary inputs to pitch-selective neurons. Due to the putative pitch center's proximity to both the core and belt regions of auditory cortex (Fig. 9) , it likely receives inputs from both the dorsal and ventral divisions of the medial geniculate body, and either one of these nuclei may provide periodicity information to pitch-selective neurons. Repetition rate (or modulation frequency) tuning in a subcortical nuclei that is based purely on a rate code is not sufficient for a pitch-processing model. As we have seen here, repetition rate tuning is a universal phenomenon throughout auditory cortex. However, repetition rate tuning that is dependent on temporal regularity generally occurs only within the putative pitch center. Identifying the neural representation of temporal regularity subcortically may provide the missing link between the representation of pitch in the periphery and at the level of auditory cortex.
The putative pitch center was located in the low frequency region of auditory cortex, bordering fields AI, R, and the lateral belt (Fig. 9) , potentially a region anatomically homologous to lateral Heschl's gyrus in humans (Bendor and Wang 2006; Formisano et al. 2003; Hackett et al. 2001) . Although pitchselective neurons were more abundant in AI compared with field R, given that the size of AI is roughly double that of field R, the proportion of pitch-selective neurons found in each area were comparable. Unlike pitch-selective neurons, modulation sensitive neurons were found across the whole tonotopic range (Fig. 8, 9 ) which suggests that they play a more general role in temporal processing, as the pitch processing of missing fundamental sounds relies on harmonic frequencies below 5 kHz (Moore 2003; Oxenham et al. 2004) . One prediction from these B: comparison of the weighted best fundamental frequency (missing fundamental complex tones) and weighted best repetition rate (sAM tone or acoustic pulse trains) for individual pitch-selective neurons. The correlation did reach statistical significance (Spearman correlation coefficient, r ϭ 0.65, P ϭ 0.067). C: a histogram of the absolute difference in peak values for repetition rate tuning in the 2 acoustic stimuli used in A and B. Pitch-selective neurons have a more similar best repetition rate for 2 spectrally different acoustic stimuli (Wilcoxon rank sum test, P Ͻ 2.0 ϫ 10 results is that the inactivation of the putative pitch center bilaterally would cause deficits in detecting changes in temporal regularity or pitch salience, but discrimination of average repetition rate would still be possible. However, the threshold for detecting changes in repetition rate is lower in acoustic signals with a high pitch salience (Pollack 1968) , and so pitch-selective neurons may be more sensitive to changes in repetition rate than modulation sensitive neurons. Although repetition rate discrimination would be possible with the inactivation of the putative pitch center, the discrimination thresholds could be significantly higher. The slope of the tuning curve in positive monotonic modulation sensitive neurons is fairly constant up to ϳ333 Hz (Fig. 4B) , at which point it decreases. One possible consequence of this is that rate discrimination thresholds (when pitch is not involved) would worsen when the slope of the tuning curve decreases. This observation suggests a possible neural correlate for the limitation in rate discrimination in cochlear implantees (Baumann and Nobbe 2004; Shannon 1983; Zeng 2002) . If pitch-selective neurons are not driven by cochlear implants, and the perception of repetition rate is due to only modulation sensitive neurons, rate-coding constraints could have a perceptual effect not observed in normal hearing subjects that have access to a working population of pitch-selective neurons. According to this hypothesis, the ability to discriminate the repetition rate of irregular acoustic pulse trains should be similar between cochlear implantees and normal hearing subjects as in this case, only the modulation sensitive population would be encoding the repetition rate of this stimulus.
One difficulty in using multiunit or hemodynamic responses to study pitch-selective neurons is the heterogeneous properties of neurons within the putative pitch center. Pitch-selective neurons only make up about 1/3 of the neurons in this region (Bendor and Wang 2005) . If the responses of pitch-selective and modulation sensitive neurons in the putative pitch center are combined together (using techniques such as LFP or fMRI), the results can be difficult to interpret. The criteria used for pitch-selective neurons (Bendor and Wang 2005) are dependent on a single neuron's BF and sound level threshold and cannot be used if recording from a population of neurons. However, if distortion products are masked using noise, then a comparison between periodic and aperiodic acoustic pulse trains can provide a much more rapid identification of the putative pitch center. Due to the high pitch salience and matched spectral bandwidths of these acoustic stimuli, this is an optimal stimulus to use in LFP or fMRI based experiments.
Comparison with previous studies
We observed that mixed response neurons have a higher synchronization limit than reported for synchronizing cortical neurons (Lu et al. 2001 ) and a lower synchronization limit than synchronizing thalamic neurons (Bartlett and Wang 2007) : median synchronization limit-current study mixed neurons: 100 Hz (25-75%, 48 Hz, 156 Hz); Lu et al. (2001) , synchronizing neurons 46.9 Hz (25-75%, 18.4 Hz, 80.6 Hz); Bartlett and Wang (2007) ,thalamic synchronizing neurons 192 Hz (25-75%: 88 -303 Hz). The majority of neurons in the auditory thalamus that can stimulus synchronize also have nonsynchronized responses at higher repetition rates, similar to the mixed response modulation sensitive neurons reported here (Bartlett and Wang 2007) . As such, mixed response neurons may receive direct thalamic input and then project to both nonsynchronized and synchronized neurons within auditory cortex, acting as an intermediate stage in the temporal-to-rate coding transformation occurring between thalamus and cortex .
In addition to marmosets, nonsynchronized responses have also been reported in rats and cats (Anderson et al. 2006; Lu and Wang 2000; Sakai et al. 2009 ). Failure to observe nonsynchronized responses in auditory cortex (Malone et al. 2007) could be due to several issues including species differences, criteria of nonsynchronized responses, acoustic stimuli (sAM vs. narrowband click trains), and the use of anesthesia (Rennaker et al. 2007) .
The positive monotonic responses we report here are different from those reported in flutter encoding neurons (Bendor and Wang 2007) for two reasons. First, they are encoding the range of repetition rates 30 -500 Hz, within the range of pitch perception rather than the range of acoustic flutter perception (10 -45 Hz). Second, roughly equal numbers of positive and negative monotonic responses were observed in flutter encoding neurons (Bendor and Wang 2007) , while in this study the vast majority of monotonic response in modulation sensitive neurons were positive monotonic (increased their discharge rate with higher repetition rates). Nevertheless, neurons with monotonic and nonmonotonic tuning curves both likely play a role in encoding temporal information in the range of flutter and pitch perception.
Comparison with the somatosensory system
The need to encode temporal information is not unique to the auditory system, and similar neural coding strategies may also be utilized in other sensory systems. In the somatosensory system, Pacinian receptors in the periphery and Pacinian neurons in primary somatosensory cortex encode tactile vibration (50 -400 Hz) at frequencies above the range of tactile flutter (Hyvarinen et al. 1968) . Although stimulus synchronization exists at the periphery, Pacinian neurons in primary somatosensory cortex use a positive monotonic nonsynchronized rate code for vibration frequency (pulse repetition rate) similar to the majority of modulation sensitive neurons in this study (Hyvarinen et al. 1968) . A similar neural coding strategy for temporal information may be used in primary auditory cortex and primary somatosensory cortex (Bendor and Wang 2007; Lemus et al. 2009; Romo and Salinas 2003) . Slowly repeated stimuli, perceived as a stream of discretely occurring sensory events (acoustic or tactile flutter), are encoded by stimulus synchronization across one neuronal population. Faster repetition rates, perceived as a stream of fused sensory events (pitch or vibration), are encoded by a nonsynchronized positive monotonic rate code within a second neuronal population. Thus the change in perception from flutter to fusion may be the direct consequence of the lack of stimulus synchronization in the neuronal population at higher repetition rates. The upper limit of this positive monotonic rate code is where it is no longer monotonic (saturation of the tuning curve), which based on this model would correspond to the upper limit of rate discrimination in each modality. Although we refer to the fused auditory sensation of repetition rate here as pitch, we should point out that a fused percept can still be perceived when an acoustic signal has no pitch salience (e.g., an irregular click train with an average repetition rate of 200 Hz). Unlike pitch perception, which has a fine grain discrimination of repetition rate allowing for octave perception and recognition of melodies and harmonies, modulation sensitive neurons may instead be representing the acoustic perceptual equivalent of roughness or tactile vibration. Thus we suggest that flutter and vibration share similar perceptual ranges and neural coding strategies in both the auditory and somatosensory system. However, the perception of pitch and the sensitive encoding of periodicity by cortical neurons is unique to the auditory system. 
